The Br 2 /H 2 redox flow cell shows promise as a high-power, low-cost energy storage device. The effect of various aspects of material selection, processing, and assembly of electrodes on the operation, performance, and efficiency of the system is determined. In particular, (?) electrode thickness, cell compression, hydrogen pressure, and (-) electrode architecture are investigated. Increasing hydrogen pressure and depositing the (-) catalyst layer on the membrane instead of on the carbon paper backing layers have a large positive impact on performance, enabling a limiting current density above 2 A cm -2 and a peak power density of 1.4 W cm -2 . Maximum energy efficiency of 79 % is achieved. In addition, the root cause of limiting-current behavior in this system is elucidated, where it is found that Br -reversibly adsorbs at the Pt (-) electrode for potentials exceeding a critical value, and the extent of Br -coverage is potential-dependent. This phenomenon limits maximum cell current density and must be addressed in system modeling and design. These findings are expected to lower system cost and enable higher efficiency.
Introduction
The Br 2 /H 2 redox flow cell is a promising system for largescale energy storage due to its high power and potential for low installed system cost [1] . The system consists of an electrochemical cell which is fed reactants from storage tanks containing gaseous hydrogen (negative side) and an aqueous solution of Br 2 and HBr (positive side). During discharge, hydrogen is oxidized to protons at the negative electrode. The protons pass through an ion-conducting membrane and react with Br 2 to produce HBr. The electrochemical reactions are shown below with the forward direction corresponding to discharge and the reverse to charge. 
The challenges of this system include high vapor pressure of bromine gas [2] ; migration of water, bromide, and bromine to the hydrogen electrode during charge [3] ; poisoning and corrosion of the negative electrode Pt catalyst by bromide [4] ; and formation of mixed aqueous and liquid bromine phases at high state of charge (SOC) [1] . High performance has been demonstrated for this system, for example, 1.1 W cm -2 peak power density with Pt catalysts at both electrodes [5] . With only carbon as the positive electrode, 0.9 and 1.4 W cm -2 were achieved for 50-and 15-lm-thick electrolyte membranes, respectively [1] . Long-term cycling with 3 M HBr electrolyte yielded coulombic efficiency above 95 % and energy efficiency around 75 %; a total of 625 cycles were reported [3] .
Various approaches to improve cell performance and durability have been undertaken. These include development of negative electrode catalysts other than pure platinum to reduce cost and improve tolerance to bromide contamination of the hydrogen electrode [6] ; modification of the carbon positive electrode surface chemistry via thermal treatment [7] and acid treatment [8] ; optimization of flow field geometry [9] ; optimization of the Br 2 /HBr electrolyte composition [1, 10] ; and development of membranes with improved selectivity of protons versus bromine species [11] .
In this work, we focus on improving cell performance by optimizing the electrodes. The baseline cell configuration, shown in Fig. 1 , is adopted from our previous efforts [1, 3, 8, 9] . The positive (?) electrode consists of multiple layers of carbon paper porous electrode (CPE) with no additional catalyst. The electrolyte solution is forced to flow through the (?) CPE, as this has been shown to increase cell performance by improving the convective transport of reactants to the active sites and flushing HBr from the membrane interface thereby reducing membrane dehydration and subsequent resistance [8, 12, 13] . Reaction is distributed through the thickness of the (?) electrode to some extent. In contrast, hydrogen passes by the negative (-) electrode in flow-by mode, and transport to the thin, active Pt-on-carbon catalyst layer (CL) is dominated by diffusion. A microporous layer (MPL) on the negative macroporous, carbon paper gas diffusion later (GDL) provides mechanical support and gas and electron distribution for the CL. The goal of this work is to ascertain how cell performance is impacted by various features of the electrodes, including positive-electrode thickness, compression, surface area, and CPE type, and negative-electrode architecture. Of particular interest is the impact of these choices on limiting current density and the underlying cause of limiting-current behavior.
Experimental Methods
Cells were assembled and tested using Fuel Cell Technologies hardware and equipment discussed in detail elsewhere [1, 3, 8] . Metallic flowfields were provided by Treadstone Technologies, Inc. The standard (?) electrode material was Sigracet 10AA carbon paper (SGL Group) treated in concentrated sulfuric acid for 10 h at 50°C. Alternative (?) electrode materials include reticulated vitreous carbon foam (500 pores-per-inch, ERG Aerospace Corp.), woven graphite cloth (1071HCB, AvCarb), and activated carbon cloth (Zorflex FM10, Calgon Carbon Corp.). The standard (-) electrode was 0.4 mg cm -2 Pt/C printed on Sigracet 24BC GDL (Ion Power). The Nafion NR212 (50 lm) membrane was pretreated by boiling successively in 3 % H 2 O 2 , DI water, 0.5 M sulfuric acid, and DI water for 1 h each. In some cases, the CL was printed directly on the membrane (Ion Power) and for these, the H 2 O 2 and first DI water boiling steps were eliminated, as peroxide solution reacts vigorously on the Pt catalysts. For the comparison of various (-) electrode MPL/GDL architectures, the membrane was used asreceived (not boiled), and the (-) Pt/C CL was printed on the membrane (and no CL on the MPL/GDL).
Cells were operated with dry hydrogen (200 sccm) and 0.9 M Br 2 /1.0 M HBr solution (*100 ml/min). Hydrogen pressure was controlled with a backpressure regulator on the cell exhaust line. Polarization curves were obtained using a Maccor 4200 battery tester. AC impedance (at open circuit voltage) and cycling efficiency curves (according to a protocol discussed elsewhere [3] ) were obtained with a Bio-Logic VMP3 potentiostat. Cells were initialized by current-step cycling (50 mA cm -2 steps of 30 s) five times between voltage limits of 0.2-1.8 V before recording the data shown here (50 mA/cm 2 steps for 10 s). Certain cell tests incorporated a dynamic hydrogen electrode (DHE) as a reference electrode, adapted from Ref. [14] . The 0.1 mm Pt DHE wires were sandwiched between the (-) side gasket and membrane. Two AA batteries in series with a *10 6 Ohm resistor were used to establish the hydrogen evolution current at the DHE wires. Polarization behavior was recorded with current-control (50 mA cm -2 steps, 10 s per step) or voltage-control (0.1 V steps, 10 s per step), and the (-) electrode potential was recorded during voltage-control experiments as measured by reference DHE. SEM images were obtained with a Jeol JSM-7500F.
Results and discussion

Limiting-current behavior
Typical polarization behavior is shown in Fig. 2 achieved at the 1.6 V cut-off potential; there is no visible mass transport limitation under the operating conditions used in this study. This indicates convection in the positive electrode and removal of produced hydrogen from the negative electrode CL are sufficient. In contrast, a severe limiting current is observed upon current step discharge. The discharge voltage rapidly drops, and the last point is recorded as the voltage passes the lower cut-off potential (i.e., this point cannot be considered a stable value). This behavior is generally not observed in the literature because reported discharge polarization curves typically have higher cut-off potentials. The present limiting-current behavior should be contrasted with mass transport limitation, which causes the potential to curve away from the ohmic-dominated polarization region and produces a stable diffusion-controlled limiting current [15] .
To establish potential causes of the limiting current, mass flow conditions at the electrodes were varied. Increasing the Br 2 /HBr concentration and flow rate did not significantly alter the discharge curve, ruling out bromine starvation. Varying the hydrogen flow rate also had no effect, indicating sufficient supply of hydrogen to the negative-electrode GDL. Membrane dehydration was also ruled out by switching between a low flow rate of moist hydrogen and a high flow rate of dry hydrogen, which had no impact (data not shown).
Switching to voltage-step discharge control elucidated the cause of the limiting current. As seen in Fig. 2 , the limiting current observed with current-step control corresponds exactly to a maximum current peak observed under voltage-step discharge control. The existence of a current peak maximum was observed previously by Bai [16] and Kreutzer [17] . We extend those observations through use of a DHE reference electrode to monitor the negative electrode (-) potential over a wide range of discharge potential (right side of Fig. 2 ). At the peak current, the (-) potential surpasses *0.1 V at the hydrogen electrode, which is similar to the onset potential for Br -adsorption on polycrystalline Pt observed previously in acidic KBr solution [18] . In that work, the bromide adsorption coverage was shown to depend on Pt potential, with near-complete coverage of the Pt surface observed at 0.4 V and higher. Bromide is known to adsorb on Pt competitively with hydrogen [19] . Bromide adsorption follows a Temkin isotherm, so increased Br -concentration or potential above 0 V both lead to increased bromide coverage and complete coverage is possible for Br -concentration above 10 -3 M in the potential range 0-0.15 V [20] . Here, bromide species are available at the (-) electrode via crossover through the membrane. As the (-) potential increases above the critical potential for onset of Br -adsorption, Br -coverage of the (-) electrode Pt increases, reducing the number of Pt sites available for hydrogen oxidation. Thus, current decreases with decreasing voltage below this point. The (-) potential rapidly increases from 0.4 to above 0.8 V and the cell current decays to almost zero, suggesting nearly complete Br -coverage of the Pt. Note that crossover through the membrane provides sufficient bromide for coverage of the active Pt sites. Reversing the cell potential step direction (from 0.2 up toward 1.6 V) promotes desorption and stripping of Br -from the (-) electrode and recovery of active sites for hydrogen oxidation current. Desorption is known to happen quickly (sub-second timescale) once the Pt potential approaches zero (or is negative as happens during charge) [20] . Although there is hysteresis in the Br -adsorption/desorption behavior, it appears to be nearly reversible as the normal charge and discharge cell currents are recovered above about 0.9 V. Note this does not rule out irreversible changes to the Pt surface (i.e., via corrosion) that may only appear after long-term cycling at high (-) potential. Br -adsorption can be mitigated or eliminated by operating with low potential at the (-) electrode (i.e., at current density well below the maximum current). For example, a cell was discharged at 310 mA cm -2 (*70 mV total cell overpotential) for [10,000 h with minimal performance degradation [21] . Throughout the rest of this work, polarization behavior is assessed using current-step control with sharp limitingcurrent behavior at the maximum current for experimental convenience and to avoid holding the cell in the Br -adsorption region for an extended period of time.
Adsorption of Br -on the (-) electrode may be the root cause of the limiting current; however, many phenomena can increase the (-) potential into the region where Br -adsorption occurs. These may include kinetic overpotential, charge-transfer resistance, contact resistance, bromine intrusion, platinum poisoning, hydrogen concentration overpotential due to mass transport restriction, etc. Liquid water is typically seen in the hydrogen exhaust and the (-) CL is usually visibly wet when cells are disassembled. Therefore, liquid flooding of the hydrogen electrode is a reasonable source of mass transport restriction. The (-) potential can be manipulated by changing the hydrogen reactant stream, for example, by interrupting hydrogen flow or dosing the hydrogen with bromine. Figure 3a shows the consequence of briefly interrupting hydrogen flow. After 2 min of stable discharge operation, the hydrogen flow was shut off for 5 s and then turned back on for the duration of the experiment. During the brief shutoff, the discharge reaction quickly consumed the hydrogen available in the vicinity of the CL. The resulting concentration polarization increased the (-) potential to the point that Br -adsorption occurred and the cell shut off by crossing the lower voltage limit. During the following open-circuit period, additional Br -adsorption occurred and the (-) electrode potential remained high. Note that hydrogen flow was restored during the open-circuit hold but normal cell OCV was not recovered, suggesting that hydrogen access to the Pt surface was blocked by Br -coverage; this is consistent with the hysteresis observed in Fig. 2b . After initiating charge current, Br -was immediately removed from the Pt surface and normal cell operation resumed. Figure 3b shows a similar effect induced by artificially increasing the bromine concentration in the vicinity of the Pt CL. This was accomplished by adding successive 3 mL doses of the catholyte Br 2 /HBr solution to the hydrogen bubbler, thus entraining Br 2 vapor into the (-) electrode. After the first two bromine additions, the (-) potential increases due to partial poisoning of the Pt. After the third bromine addition, the (-) potential is high enough that Br -quickly covers the Pt and shuts down cell operation. Charging the cell briefly removed Br -from the Pt surface, allowing recovery of the OCV. These results are consistent with an early voltammetry study on Pt in aqueous HBr which showed moderate effect on the hydrogen adsorption/desorption region for low HBr concentration (10 -6 -10 -4 M) and almost complete elimination of hydrogen activity at higher HBr concentration (10 -3 -10 -2 M) [18] . These cases illustrate the competition between adsorbed hydrogen and bromide ions on the Pt surface.
Bromine (?) electrode effects
Our previous work on this system used carbon-fiber paper CPE developed as GDLs for fuel cell applications as the (?) porous electrode [1, 3, 8, 9] . Here, we explore a wide range of carbon porous media architectures as alternative (?) electrode materials, with polarization behavior shown in Fig. 4 . With the exception of carbon foam, the thickness and compression were kept roughly constant by varying the number of CPE layers. The extent of flow channeling between layers may impact performance, however the number of 10AA layers has only a moderate impact as discussed below. Woven graphite cloth and fine-pore reticulated vitreous carbon foam showed unacceptably high area-specific resistance (ASR). Compared to the standard 10AA paper, activated carbon cloth showed similar performance but higher resistance to flow due to its densely woven structure. Therefore, 10AA carbon paper was chosen for ongoing cell optimization.
Our earlier work also showed an improvement when using a stack of (3) pieces of 10AA paper compared to a single piece. To assess whether active carbon surface area limits the (?) electrode performance, we tested a cell with an extra layer of high surface area carbon catalyst printed directly on the membrane surface facing the (?) electrode (3)-paper stack. As seen in Fig. 5 , the additional surface area did not significantly affect limiting discharge current or cell ASR (i.e., neither contact resistance nor kinetics were improved). This suggests there is sufficient active area in a (3) paper stack.
The impact of the number of 10AA layers in the (?) CPE stack, and total electrode compression is shown in Fig. 6 . The CPE must be compressed enough to prevent flow channeling between the layers or at the CPE/membrane interface, and minimize contact resistance between the layers and at the current collector (flow field). It seems 23 % is the minimum acceptable compression, as those cells with lower compression have noticeably higher ASR. This is accompanied by low limiting current, presumably due to high ohmic contact resistance or poor membrane/CL contact at the (-) electrode causing the critical potential for Br -adsorption to be surpassed at relatively low current density. Compression must however not be too high: 34 % compression causes flow restriction in the (?) electrode resulting in very high pressure drop from inlet to outlet which increases pumping losses. Presumably mass transport in the (-) electrode is also impacted by high compression. The high inlet (?) pressure (*45 psig) may also force liquid to permeate through the membrane into the (-) CL which is at atmospheric pressure, contributing to flooding of the (-) CL. In the intermediate compression range (23-26 %), addition of more carbon paper layers does not affect ASR (confirming three provides enough surface area) but does improve limiting current. The liquid flow rate through the CPE stack was fixed, so more layers results in lower inlet pressure, presumably alleviating liquid permeation and concomitant flooding of the (-) layer. Of course, additional carbon paper layers add cost to the system. Based on these considerations, the optimal configuration appears to be (3) 10AA papers compressed to *25 %.
Hydrogen (-) electrode effects
Backpressure was added to the hydrogen outlet to allow adjustment of the hydrogen concentration and balancing of the pressure across the membrane. As discussed above, a consequence of the flow-through design is high pressure at the inlet of the (?) electrode CPE stack. To counteract this, backpressure was varied between atmospheric pressure and 30 psig (roughly matching the (?) electrode inlet pressure). Figure 7a shows the large impact of hydrogen pressure on discharge performance. The OCV increase with pressure (25 mV at 30 psig) is consistent with that expected from the concentration dependence of the Nernst potential at the hydrogen electrode. The ASR improves somewhat from 0 to 5 psig, and then remains roughly constant for higher pressure. Similarly, the limiting current improves significantly from 0 to 5 psig, and then continues to improve moderately up to 30 psig as shown in Fig. 7c . These effects yield an overall improvement in peak power from 677 mW cm -2 at 0 psig, to 867 mW cm -2 at 30 psig. Several effects likely contribute to the large improvement in limiting current with increased hydrogen pressure. First, the increased absolute hydrogen concentration (i.e., about 3 9 higher at 30 psig than 0 psig) will reduce kinetic and concentration overpotentials at the (-) electrode, delaying the critical potential for onset of Br -adsorption on Pt to higher current. Second, the critical potential for Br -adsorption will be increased due to the increase in hydrogen activity relative to bromine activity (assuming bromine concentration at the (-) electrode is not affected by hydrogen pressure). Whereas the onset potential was roughly 0.1 V versus DHE at 0 psig (see discussion of Fig. 2) , it increased to 0.16 V for 30 psig. Lastly, balancing the (?) and (-) side pressure will minimize pressure-driven permeation of liquid to the (-) electrode, which should reduce the extent of flooding in the (-) CL. Considering that a full-scale Br 2 /H 2 flow-cell system will likely store compressed hydrogen, operation of the cell at aboveambient pressure to achieve these benefits will not add cost or complexity to the system. At 30 psig, no impact on coulombic efficiency due to hydrogen crossover is observed, although this may be a concern at higher pressures.
The influence of various (-) electrode MPL/GDL features, including GDL porosity, GDL PTFE content, and presence/absence of the MPL, is shown in Fig. 8 . Note the thickness of all MPL/GDL types was roughly the same (225-240 lm). The lowest limiting current was obtained for bare GDL with no MPL (24BA). Presumably this is due to increased contact resistance at the CL/GDL interface and possibly increased liquid uptake into the GDL in the absence of MPL. For those with MPL present, the lowest limiting current corresponds to high PTFE loading in the GDL which decreases porosity (24DC) and the highest limiting current was obtained for higher GDL porosity (25BC). This suggests that mass transport of hydrogen in the GDL leads to increased overpotential at high current density. Performance is relatively insensitive to these features, however, compared to other aspects of the cell configuration discussed above.
For the results shown in Figs. 1 thru 7 , the (-) Pt-onCarbon CL was deposited on the MPL/GDL. The other possibility is to print the CL directly on the membrane. The impact of this processing choice is shown in Fig. 9 for cells with proper compression (24-26 %). Significantly improved ASR and limiting current are achieved for the (-) CL deposited directly on the membrane, enabling the highest peak power density obtained with a 50 lm membrane, (Fig. 9b) . Minimal improvement is offered by addition of a carbon CL to the (?) side of the membrane; even at *2 A cm -2 , active carbon surface area in the (?) electrode does not limit cell performance, consistent with the results of Sect. 3.3.
There are several plausible explanations for the stark improvement found for placement of the (-) CL on the membrane versus on the MPL/GDL. These include improved proton transfer resistance at the membrane/CL interface; improved liquid management (i.e., reduced CL flooding) via reduced pooling of liquid between the CL and membrane, improved ejection of liquid from the CL; and improvement of CL performance during membrane pretreatment (CL-on-membrane was boiled, CL-on-MPL/ GDL was used as-received). Note that catalyst loading (0.3-0.4 mg Pt cm -2 ) and CL thickness (*10 lm) were similar for both. Figure 10 shows that coating the CL directly to the membrane significantly affects the AC impedance spectra. The ohmic impedance is improved slightly, consistent with improved proton transfer resistance. A larger improvement is seen for the electrode polarization arc. This may be due to improved liquid-water management in the CL-on-membrane. Figure 11 shows that although the catalyst particle morphology is similar for both CL types, the electrode structure is quite different.
The CL-on-MPL/GDL consists of smooth islands between large drying cracks. In contrast, the CL-on-membrane exhibits a rougher, but more uniform surface. Furthermore, the CL-on-membrane will expand due to membrane swelling during pretreatment, thus increasing porosity before cell assembly. It is likely that these differences lead to variation in liquid distribution in the CL during operation. Note that increasing the hydrogen pressure leads to a smaller improvement for the case of CL-on-membrane. This is consistent with the existence of CL flooding which is overcome by increased hydrogen pressure, and less flooding occurs in the CL-on-membrane due to the reasons listed above. To assess the effect of ionomer pretreatment, a cell was tested with CL-on-MPL/GDL pre-boiled before assembly. Ionomer proton conductivity is expected to increase after boiling [12, 22] , but performance was similar to the untreated case (''bare membrane'' in Fig. 9 ). This suggests proton conductivity in the CL is not limiting.
Impact of optimization on energy storage efficiency performance
The sections above illustrate that various choices in electrode materials, processing, and assembly can have a large impact on cell polarization, especially at high current density. High-efficiency operation, however, is restricted to lower current density where voltaic losses are smaller. Energy storage efficiency was determined over a wide range of current density, before and after the optimization efforts discussed above. The results are compared in Fig. 12 . Coulombic efficiency is dictated by self-discharge current arising from bromine crossover through the membrane. The self-discharge current under the present pretreatment and bromine concentration conditions is reported to be about 12 mA cm -2 , and therefore strongly compromises efficiency at low cell current density [3] . Both cells compared here had pre-boiled NR212 membrane and the same catholyte composition, so the coulombic efficiency is nearly identical. Voltage efficiency is significantly increased for the improved cell configuration, especially at high current density. This is primarily due to improved ASR and limiting current, with a small contribution from increased OCV at 30 psig hydrogen pressure. The overall impact of the optimization efforts on total energy efficiency is to increase the maximum efficiency from 73 to 79 % (at the optimal current density of 250 mA cm -2 ) and greatly increase the window for [70 % efficient operation from 125-375 to 75-750 mA cm -2 .
Conclusions
The effect of various aspects of material selection, processing, and assembly of electrodes on the operation, performance, and efficiency of the Br 2 /H 2 redox flow cell was determined. The impact of Br -adsorption on cell behavior was elucidated. It is found that Br -reversibly adsorbs at the Pt (-) electrode when the (-) electrode potential exceeds a critical value, resulting in a peak limiting cell current. Controlling (?) electrode thickness and cell compression, increasing hydrogen pressure, and optimizing (-) electrode architecture were found to be effective in increasing the limiting current and improving cell ASR. Depositing the (-) CL on the membrane instead of on the MPL/GDL had the largest positive affect on performance. In general, cell performance was more sensitive to changes at the (-) side than at the (?) side, suggesting further optimization of the (-) electrode, including development of catalysts with lower Br -adsorption or additives to suppress Br -adsorption, would be fruitful area for further work. The optimization efforts discussed here were rewarded by an almost twofold increase of maximum power density to 1.4 W cm -2 , and an increase in peak energy efficiency to 79 %.
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